ABSTRACT MAP kinases of the ERK family are conserved from yeast to humans. Their catalytic activity is dependent on dual phosphorylation of their activation loop's TEY motif, catalyzed by MAPK kinases (MEKs). Here we studied variants of Mpk1, a yeast orthologue of Erk, which is essential for cell wall integrity. Cells lacking MPK1, or the genes encoding the relevant MEKs, MKK1 and MKK2, do not proliferate under cell wall stress, imposed, for example, by caffeine. Mutants of Mpk1, Mpk1(Y268C) and Mpk1(Y268A), function independently of Mkk1 and Mkk2. We show that these variants are phosphorylated at their activation loop in mkk1∆mkk2∆ and mkk1∆mkk2∆pbs2∆ste7∆ cells, suggesting that they autophosphorylate. However, strikingly, when Y268C/A mutations were combined with the kinase-dead mutation, K54R, or mutations at the TEY motif, T190A+Y192F, the resulting proteins still allowed mkk1∆mkk2∆ cells to proliferate under caffeine stress. Mutating the equivalent residue, Tyr-280/Tyr-261, in Erk1/Erk2 significantly impaired Erk1/2's catalytic activity. This study describes the first case in which a MAPK, Erk/Mpk1, imposes a phenotype via a mechanism that is independent of TEY phosphorylation and an unusual case in which an equivalent mutation in a highly conserved domain of yeast and mammalian Erks causes an opposite effect.
INTRODUCTION
The extracellular-regulated kinases (Erks), encoded by ERK1 and ERK2, are serine/threonine kinases of the mitogen-activated protein kinase (MAPK) family. Erks modulate many cellular targets, primarily by phosphorylation of substrates (Haystead et al., 1992; Yang et al., is stabilized and becomes functional only after activation and consequent conformational changes. Activation of Erks is achieved by dual phosphorylation of neighboring threonine and tyrosine residues (in a TEY motif) residing at the activation loop. This dual phosphorylation is catalyzed by MAPK kinases (MAPKKs; also known as MEKs or MKKs; Robbins et al., 1993; Marshall, 1994; Canagarajah et al., 1997; Cobb and Goldsmith, 2000; Pearson et al., 2001) . Once activated, Erks interact with their substrates via two binding domains. One is known as the common docking (CD) domain and the other as the docking site for Erk FXF domain (DEF pocket). The CD domain is known to bind mainly cytoplasmic substrates, as well as upstream activators (MEKs), phosphatases, and probably other regulators (Tanoue et al., 2000; Tanoue and Nishida, 2003) . The CD domain is not a mere docking motif, but is also a regulatory element. Proteins that bind it induce large conformational changes at the activation loop that expose the TEY motif to the solvent and assist activation (Zhou et al., 2006) . The DEF pocket is a hydrophobic cavity found only in the conformation adopted by the dually phosphorylated Erk. It binds substrates, primarily transcription fac-FIGURE 1: Sequence alignment of the yeast Mpk1 and the mammalian Erk1 and Erk2 proteins. Locations of the residues that were mutated in this study are marked by symbols, and the concrete mutations are shown in the table.
the protein with an efficient autophosphorylation/autoactivation capability that readily explains its independence of MEKs (LevinSalomon et al., 2008; Smorodinsky-Atias et al., 2016) . If the R68S mutation renders Mpk1 intrinsically active by a different mechanism than the Y268C/A mutations, perhaps combining both mutations on the same Mpk1 molecule would result in a synergism that produced highly active Mpk1. Such an approach was very successful in obtaining superactive variants of Hog1 and p38 MAP kinases (Yaakov et al., 2003; Diskin et al., 2004; Askari et al., 2006 Askari et al., , 2007 . We thus generated mutants Mpk1(R68S+Y268C) and Mpk1(R68S+Y268A) and found that combining the mutations indeed had a synergistic effect, as manifested by inducing enhanced proliferation of mkk1∆mkk2∆ cells (Figure 2A , rows 6 and 7).
Mpk1(Y268C) and Mpk1(Y268A) acquire autophosphorylation capability
Because Tyr-268 is not known to be involved in Erk's catalytic activity but instead in binding of substrates (as part of the DEF pocket) and MEK1 (Robinson et al., 2002; Dimitri et al., 2005; Shin et al., 2010) , we presumed that the mechanism underlying the gain-of-function property of Mpk1(Y268C/A) involves changes in binding affinities and not necessarily changes in catalytic activation. Activation by phosphorylation of the TEY motif of Mpk1(Y268C/A) was thus not expected in mkk1∆mkk2∆ cells. We found, however, that Mpk1(Y268C) and Mpk1(Y268A) are phosphorylated at the activation loop in mkk1∆mkk2∆ cells ( Figure 2B , lanes 5 and 6). Moreover, the double mutants Mpk1(R68S+Y268C) and Mpk1(R68S+Y268A) manifested even higher phosphorylation levels of the activation loop ( Figure 2B , lanes 7 and 8). This phosphorylation, which rendered the kinases catalytically active, could be a result of increased affinity to a MAPKK other than Mkk1 or Mkk2. To examine this possibility, we expressed Mpk1(Y268C) and Mpk1(Y268A) in cells of the mkk1∆mkk2∆pbs2∆ste7∆ strain, which lack all four yeast MAPKKs (Levin-Salomon et al., 2009) . mkk1∆mkk2∆pbs2∆ste7∆ cells expressing either Mpk1(Y268C) or Mpk1(Y268A) grew under caffeine stress ( Figure 2C , rows 5 and 6, left). Of note, however, growth on caffeine of mkk1∆mkk2∆pbs2∆ste7∆ cells expressing the mutants was significantly less efficient than that of mkk1∆mkk2∆ cells expressing the same mutants (compare Figure 2 , A and C). It could be, therefore, that Pbs2 and Ste7 play some role in the activation of the Mpk1 mutants. Alternatively, it could be that cells lacking the four MEK-encoding genes are weak and defective in other stress-response systems, so that the effect of knocking out PBS2 and STE7 on the Mpk1 mutants is indirect. In any case, the fact that Mpk1(Y268C) and Mpk1(Y268A) are functional to some extent in mkk1∆mkk2∆pbs2∆ste7∆ cells indicates that an important part of their activity is independent of any MAPKK. Furthermore, we found that both proteins were phosphorylated at their activation loop in mkk1∆mkk2∆pbs2∆ste7∆ cells as well ( Figure 2D , lanes 5 and 6).
Thus the mutants are in fact catalytically activated to some degree in mkk1∆mkk2∆ and mkk1∆mkk2∆pbs2∆ste7∆ cells in a manner that does not involve any known MAPKK. Of importance, Mpk1(Y268C) and Mpk1(Y268A) did not lose the ability to be further phosphorylated and activated by MEKs when they were present, as mpk1∆ cells expressing Mpk1(Y268C) or Mpk1(Y268A) proliferated at a high rate on medium supplemented with caffeine ( Figure 2E , rows 4 and 5), and the mutants were phosphorylated at higher levels than they were in mkk1∆mkk2∆ cells ( Figure 2F , lanes 4 and 5). Because Mpk1(Y268C) and Mpk1(Y268A) were phosphorylated in mkk1∆mkk2∆pbs2∆ste7∆, their phosphorylation could possibly be achieved via autophosphorylation. To examine this idea, we constructed kinase-dead variants of Mpk1(Y268C) and
Here we studied the characteristics of Mpk1 molecules mutated in Tyr-268, to understand the mechanism through which they escape the dependence on Mkk1/Mkk2 regulation. We report that Mpk1(Y268C) and Mpk1(Y268A) were phosphorylated at their activation loop not only in mkk1∆mkk2∆ cells, but also in mkk1∆mkk2∆pbs2∆ste7∆ cells, which lack all known yeast MEKs. It seems that Mpk1(Y268C) and Mpk1(Y268A) gained some degree of autophosphorylation capability. Furthermore, combining the mutations in Tyr-268 with the activating mutation R68S resulted in a synergistic effect, making Mpk1(R68S+Y268C) and Mpk1(R68S+Y268A) highly phosphorylated at their activation loop in mkk1∆mkk2∆ cells and highly capable of supporting the growth of these cells in the presence of caffeine. Unexpectedly, Mpk1 molecules carrying the Y268C/A mutation together with the kinase-dead mutation, K54R, or together with mutations at the activation loop phosphoacceptors, T190A and Y192F, which are crucial for Mpk1's activation, could still rescue mkk1∆mkk2∆ cells. It seems that the Y268C/A mutations elevated both autocatalytic capability and the noncatalytic activity of Mpk1. The noncatalytic activity appeared to be responsible for most of the gain-of-function effect of the mutations and was sufficient, by itself, to support effective proliferation of mkk1∆mkk2∆ cells under cell wall stress.
We also measured the activity of the equivalent mutants of the mammalian Erk1 and Erk2 proteins in vitro in mammalian cells and yeast. In contrast to the effect of the mutations on Mpk1, mutating Tyr-280/Tyr-261 impaired both the catalytic and the biological capabilities of Erk1/2. Furthermore, when these mutations were combined with the R84S/R65S mutations, which render Erk1/Erk2 intrinsically active, the resulting double mutants, Erk1(R84S+Y280C/A) and Erk2(R65S+Y261C/A), showed reduced intrinsic activity, and even their MEK-induced activity was impaired. Accordingly, whereas Erk1(R84S) induces oncogenic transformation in NIH3T3 cells, Erk1(R84S+Y280C) and Erk1(R84S+Y280CA) do not. The destructive effect of the mutations at the Tyr-261 residue on Erk2 activity was also apparent when the mammalian Erk2 mutants were tested in yeast cells. We conclude that the function of Tyr-268/280/261 is not only to support substrate binding as part of the DEF pocket, but also to play regulatory roles in autophosphorylation and noncatalytic activities. These roles may be opposite in the yeast Mpk1 and the mammalian Erks.
RESULTS

Mutating Tyr-268 to Cys or Ala renders Mpk1 intrinsically active
Several point mutations were found to render the yeast Mpk1 intrinsically (MEK independently) active (Levin-Salomon et al., 2008) . Mpk1 molecules carrying any of these mutations allow growth of yeast cells lacking the Mpk1 activators Mkk1 and Mkk2 (mkk1∆mkk2∆ cells) in the presence of caffeine (Levin-Salomon et al., 2008;  Figure  2A ). These mutations can be defined therefore as gain-of-function mutations. One of these is the conversion of Tyr-268 to Cys (LevinSalomon et al., 2008;  Figure 2A , row 4). The Tyr-268 of Mpk1 is an orthologue of Tyr-261 of Erk2, which, when mutated to Ala or Asn, were described as loss-of-function mutations (Robinson et al., 2002; Lee et al., 2004; Dimitri et al., 2005; Shin et al., 2010) . We thus tested whether mutating Tyr-268 of Mpk1 to Cys would render it intrinsically active, whereas mutating it to Ala would abolish its activity. We found, however, that Mpk1(Y268A) did allow mkk1∆mkk2∆ cells to proliferate in the presence of caffeine, although less efficiently than Mpk1(Y268C) (Figure 2A, row 5 ).
The genetic screen that revealed the Mpk1 Y268C gain-of-function mutation also revealed another mutation, R68S, which provided support proliferation of mpk1∆ cells under caffeine stress (Smorodinsky-Atias et al., 2016;  Figure 2E , row 8). We expected loss of both biological activity and activation loop phosphorylation of Mpk1(Y268C) and Mpk1(Y268A). Totally unexpectedly, the Mpk1(K54R+Y268C) and Mpk1(K54R+Y268A) proteins, carrying the "kinase-dead" mutation, maintained activity and were able to promote growth of mkk1∆mkk2∆ cells (Figure 2A , rows 10 and 11) and mpk1∆ cells ( Figure 2E , rows 10 and 11) in the presence of caffeine. Furthermore, these proteins were phosphorylated at their activation loop in cells lacking MEKs (Figure 2 , B and D, lanes 11 and 12). In mkk1∆mkk2∆pbs2∆ste7∆ cells, the Mpk1(K54R+Y268C) and Mpk1(K54R+Y268A) proteins supported minimal growth on caffeine ( Figure 2C , rows 11 and 12). Thus the K54R mutation did reduce the ability of Mpk1(Y268C) and Mpk1(Y268A) to support proliferation in the presence of caffeine, but this reduction was partial.
One explanation for the fact that proteins carrying kinase-dead mutations were still active is that in the Mpk1(Y268C) and Mpk1(Y268A) proteins, the kinase-dead mutation is not sufficient for abolishing the activity because the mutations in the 268 position enforce stabilization of the ATP-binding site, making Lys-54 dispensable for ATP binding, so that even without it, these proteins are capable of autophosphorylation and autoactivation. This notion is supported by the observation that Mpk1(K54R+Y268C) and Mpk1(K54R+Y268A) are phosphorylated in mkk1∆mkk2∆pbs2∆ste7∆ cells. Another possibility is that the K54R mutation significantly reduced the catalytic activity of Mpk1(Y268C) and Mpk1(Y268A), but they were still biologically active because catalysis is not critical for rescuing the cells from the caffeine stress. Instead, the mutants modulated the necessary downstream components primarily by noncatalytic means.
Mpk1(Y268C) and Mpk1(Y268A) function via a mechanism that does not require phosphorylation of the TEY motif
We currently cannot directly measure the intrinsic catalytic activity of the Mpk1 mutants to assess whether the K54R mutation abolished it because recombinant Mpk1 is not available and efforts we made to produce such proteins were not successful. We therefore took another approach to check the possibility that the unusual intrinsic biological activity of Mpk1(Y268C) and Mpk1(Y268A) does not require activation of their catalytic properties. We inserted into Mpk1(Y268C) and Mpk1(Y268A) mutations Mpk1(Y268A) molecules by adding to them the kinase-dead mutation K54R. We confirmed that this mutation abolished the functionality of Mpk1 by showing that Mpk1(K54R) could not the D326N mutation (equivalent to the sevenmaker mutation, which is known to reduce binding to the CD domain; Bott et al., 1994; Brunner et al., 1994) or with the Y238F mutation, which is important for the function of the DEF pocket (Lee et al., 2004) . Mpk1(Y268C+D326N) and Mpk1(Y268C+Y238F) were not able to rescue mkk1∆mkk2∆ cells but did rescue mpk1∆ cells from caffeine stress (Figure 3, E and F) . Thus the Mpk1(Y268C) does require intact binding domains to function when Mkk1/2 are absent. Because the effect of the Y238F was more dramatic than that of the D326 mutation ( Figure 3F ), it seems that the DEF pocket is more critical than the CD domain. The ability of the Mpk1(Y268C+D326N) and Mpk1(Y268C+Y238F) mutants to rescue mpk1∆ cells, which do possess Mkk1/2, may suggest that activation loop phosphorylation makes the CD domain and the DEF pocket rigidly stable, and hence D326 or Y238 can be mutated without significant effects on the activity. In mkk1∆mkk2∆ cells, stabilization of these structural elements relies on the Y268C mutation alone, and it is therefore more sensitive to mutagenesis.
Insertion of equivalent mutations to mammalian Erk1 and Erk2 imposes loss-of-function effects on their catalytic activity and biological functions
A large number of yeast proteins have orthologues in mammals, and in many cases, structure-function and regulatory aspects are faithfully conserved (Engelberg et al., 2014) . As a result, many interesting mutations have similar effects on the yeast and mammalian orthologues (Engelberg et al., 1989 (Engelberg et al., , 2014 . This is particularly common in functionally interchangeable proteins such as Mpk1 and Erk2. Indeed, the R68S mutation that was identified in Mpk1 as a gain-of-function mutation has similar effects on the mammalian Erk1 and Erk2 proteins (Levin-Salomon et al., 2008; Smorodinsky-Atias et al., 2016) . However, inserting mutations equivalent to the Y268C/A mutations of MPK1 to Erk1 and Erk2 did not create MEK independence. Furthermore, not only did Erk1(Y280C/A) and Erk2(Y261C/A) manifest no intrinsic activity, but their MEK-dependent activity was lower than that of Erk1(WT) and Erk2(WT), as assayed in vitro with purified proteins (Levin-Salomon et al., 2008; Figure 4, A and B) . MEK1-phosphorylated Erk1(Y280C) showed only 11.5% of the activity manifested by MEK1-phosphorylated Erk1(WT) ( Figure 4A ), and MEK1-phosphorylated Erk2(Y261C) showed only 48% of the activity manifested by MEK1-phosphorylated Erk2(WT) ( Figure 4B ). Similarly, MEK1-phosphorylated Erk1(Y280A) and Erk2(Y261A) proteins showed only 33.3 and 57% of the activity of MEK1-phosphorylated Erk1/2(WT), respectively (Figure 4, A and B) .
We further tested the effect of combining the Tyr-280/Tyr-261 mutations with the R84S/R65S mutation. Whereas equivalent combinations lead to a significant synergism in Mpk1 (Figure 2A , in their TEY motif (T190A and Y192F), so that they could not be catalytically activated at all, either by MEKs or via autophosphorylation. As expected, when expressed in mpk1∆ or mkk1∆mkk2∆ cells, Mpk1(T190A+Y192F) molecules did not support proliferation of these cells in the presence of caffeine (Figure 3 , A, row 5, and C, row 6). However, Mpk1(T190A+Y192F+Y268C) and especially Mpk1(T190A+Y192F+Y268A) were able to rescue mpk1∆ and mkk1∆mkk2∆ cells from caffeine stress (Figure 3 , A, rows 6 and 7, and C, rows 7 and 8; note controls in Figure 3 , B and D), although less efficiently than the parental mutants Mpk1(Y268C) and Mpk1(Y268A). This suggests that the ability of the Mpk1 variants carrying mutations in Tyr-268 to execute biological functions is only partially dependent on activation of catalysis. The mutants function quite efficiently without catalytic activation by phosphorylation of the TEY motif. These results, together with the results with the proteins carrying the K54R+Y268C/A mutations, strengthen the possibility that mutations in Tyr268 stabilize a conformation that promotes biological functions of the protein, primarily via noncatalytic activities.
The observation that TEY phosphorylation was not required for the functionality of Mpk1(Y268C) and Mpk1(Y268A) led us to test whether intact binding sites of regulators and substrates are required. This was done by combining the Y268C mutation with rows 6 and 7), combining these mutations in Erks had a negative effect. Mutating the Tyr-280/Tyr-261 residues in Erk1(R84S) and Erk2(R65S) reduced both the intrinsic catalytic activity and the MEK-dependent activity of these active variants, as assayed in vitro with myelin basic protein (MBP) as a substrate (Figure 4, A and B) . We also tested whether Erk2(Y261A) and Erk2(Y261C) gained any autophosphorylation capabilities. Western blot analysis with anti-phospho-Thr and anti-phospho-Tyr showed that these proteins, just like Erk2(WT), have a negligible autophosphorylation capability ( Figure 4C ). Direct measurement of autophosphorylation capability as assessed by incorporation of a 32 PO 4 group from [γ-32 p] ATP confirmed this notion ( Figure 4D ). Finally, liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of these mutants showed that ∼90% of Erk2(Y261C/A) and Erk2(WT) molecules were unmodified at their TEY motif. On the other hand, relevant peptides derived from Erk2(R65S) and Erk2(R65S+Y261C/A) were mainly phosphorylated on the Tyr-185 residue ( Figure  4E ). Erk2(R65S) was also phosphorylated, although at a low level (2% of the peptides), on Thr-183, and this level was even lower in Erk2(R65S+Y261C/A) ( Figure 4E ).
In summary, the very same mutations that endowed gain-of-function properties (catalytic and biological) on Mpk1 were destructive for the catalytic activity of Erk1 and Erk2.
The loss-of-function effects of mutating Tyr-280/Tyr-261 in Erk1/2 are also manifested in mammalian and yeast cells
Whereas the loss-of-function effects of the Tyr-280/261 mutations in Erk1/2 were observed in vitro using purified proteins, the gain-of-function effects of the equivalent mutations in Mpk1 were manifested in vivo in yeast cells. The possibility remains, therefore, that the Erk mutant would also manifest gain-of-function properties in living cells of mammals or yeast. However, when we FIGURE 4: Mutating Tyr-280/261 in the mammalian Erk1/2 proteins has loss-of-function effects on their catalytic properties. (A, B) Catalytic activity of purified recombinant Erk1/2 carrying mutations at Tyr-280/Tyr-261 was monitored with or without preincubation with active MEK1 using [γ-32 p]ATP and MBP as substrates. Reaction mixtures were spotted on filter papers and quantified. Activity of MEK1-activated Erk2(WT) was defined as 100%. In parallel, a sample from each reaction was subjected to SDS-PAGE, stained with Coomassie brilliant blue, and exposed to x-ray film. (C) Purified recombinant Erk2 proteins were subjected to Western blot analysis using antibodies that react with Erk1/2 proteins phosphorylated at their TEY motif (αpErk), antibodies that react with phosphorylated Tyr (αpTyr) or Thr (αpThr) residues, and antibodies that react with Erk (αErk). (D) The autophosphorylation capabilities of the purified Erk2 variants were assessed by incubating the proteins in a kinase assay mixture with [γ- expressed the Erk1 and Erk2 mutants in HEK293T cells, we found that, as in the in vitro assays, the proteins carrying a mutation in Y280/Y261 had no intrinsic autophosphorylation ability and that proteins mutated in Y261 had a significantly lower phosphorylation level even after exposure to EGF (compared with that of Erk2(WT)). Moreover, mutating these residues in Erk1(R84S) and Erk2(R65S) abolished the spontaneous activity of these active variants in HEK293T cells ( Figure 5, A and B) . We also tested all mutants in NIH3T3 cells. This experiment is of particular importance because we recently observed that Erk1(R84S) can transform NIH3T3 cells (SmorodinskyAtias et al., 2016) , raising the question of whether combining the Y280C and Y280A mutations would increase its oncogenic capabilities (analogous to the effect of combining these mutations in Mpk1; Figure 2A , rows 6 and 7) or instead impair these capabilities, as suggested by the in vitro assays (Figure 4, A and B) . The results of this assay showed that Erk1(R84S+Y280C) was not capable of inducing oncogenic transformation in NIH3T3 cells ( Figure 5C ), demonstrating that the loss-of-function effect of the Y280C/A mutations is manifested in living cells too.
The foregoing results further strengthen the notion that the same mutations in Mpk1 and Erk1/2 in a highly conserved domain have opposite effects on the proteins. A possible explanation for this paradoxical observation is that the cellular environment affects the behavior of the mutants in addition to the effect of the mutation itself. It could be, for example, that within the yeast cell, Mpk1(Y268C) and Mpk1(Y268A) manifest gain-of-function properties because they are associated with some allosteric effector(s). Therefore the mammalian Erks carrying these mutations may also show gain-of-function effects in yeast. Because the mammalian Erk2 can functionally replace Mpk1 to some extent, allowing mpk1∆ cells to proliferate, although slowly, in the presence of caffeine (Levin-Salomon et al., 2009;  Figure 6A , row 3), we could directly test whether Erk2(Y261C) and Erk2(Y261A) can also support proliferation of mpk1∆ cells on caffeine. We found that Erk2(Y261C) and Erk2(Y261A) did support some proliferation of the cells in the presence of caffeine, similar to Erk2(WT) ( Figure 6A , rows 5 and 6), and were efficiently phosphorylated at their activation loop when expressed in mpk1∆ cells ( Figure 6B , lanes 5 and 6). In the course of these experiments, however, we found that mammalian Erk2(WT) could also rescue FIGURE 5: Mutating Tyr280/Tyr-261 in Erk1/2 causes loss-of-function effects on their biological properties in mammalian cells. (A, B) pCEFL vectors carrying cDNAs encoding the indicated Erk1 (A) or Erk2 (B) molecules, a control empty vector, or vectors encoding Ha-Ras(V12) or Mek(EE) were introduced into HEK293 cells. At 48 h posttransfection, cells were exposed to 50 ng/ml EGF for 10 min and harvested. Protein lysates prepared from these cells were analyzed by Western blot analysis, using antibodies that specifically recognize phospho-Erk or the relevant tag (His-Erk1 or HA-Erk2). (C) NIH3T3 cells transfected with the indicated vectors were allowed to grow in the presence of G-418 to high density and reach confluence. Continuation of proliferation and appearance of foci was monitored. Cells were fixed and stained with crystal violet 4 wk after transfection. We estimate that the following number of foci appear when 1 μg of plasmid is introduced into the cells: ∼500 foci with a plasmid carrying Ha-ras(V12), ∼60 with a plasmid carrying ERK1(R84S), ∼10 with a plasmid carrying MEK(EE), and 0 with plasmids carrying ERK1(R84S + Y280C) or ERK1(R84S + Y280A). mkk1∆mkk2∆ cells, probably because in yeast, it is autoactivated spontaneously (Levin-Salomon et al., 2009;  Figure 6C , row 5). However, Erk2(Y261C) and Erk2(Y261A) could not rescue these cells, although they were phosphorylated on their TEY motif ( Figure 6 , C, rows 7 and 8, and D, lanes 7 and 8). These results demonstrate that the Y261C/A mutations in Erk2 caused loss-offunction effects within the yeast cells too, although they were autophosphorylated. We concluded that the opposite effect of the mutation on Mpk1 and Erk1/2 is inherent to the molecules.
What could explain the inherent difference between Mpk1 and Erk1/2 with respect to the Y261/268 residue? An obvious difference between the proteins is the presence of a longer C-terminal tail in Mpk1, which makes this protein 126 residues longer than Erk2 (Figure 1 ). Removal of this tail, generating Mpk1Q364, makes a Mpk1 molecule that is very similar to Erk2 and is still biologically functional (see Figure 6 in LevinSalomon et al., 2009) . We thus wondered about the effect of the Y268C mutation on the truncated Mpk1 molecule. Insertion of the mutation to Mpk1Q364 allowed the resulting protein, Mpk1Q364(Y268C), to rescue mkk1∆mkk2∆ but significantly less efficiently than Mpk1(Y268C) (Figure 6E ), indicating that in the absence of the tail, only low Mkk1/2-independent activity is induced by the Y268C. Thus, somewhat similar to the case of Erks, the Y268C mutation is much less effective on the short, Erk-like, Mpk1 protein.
Of interest, as a control, we also inserted the R68S mutation to Mpk1(Q364) and saw that, similarly to the Mpk1Q364(Y268C) protein, Mpk1Q364(R68S) is also less efficient in rescuing mkk1∆mkk2∆ cells than MPK1(R84S) (Figure 6, E and F) . It is therefore impossible to be conclusive on whether the long C-terminus of Mpk1 is partially responsible for the different effect of the Y268C/261C mutation on the Mpk1 and Erk proteins.
DISCUSSION
Enzymes possess unusual capabilities to enhance the rates of catalysis of specific reactions. The rates of a catalyzed reaction are 5-17 orders of magnitude higher than the rates of a noncatalyzed reaction (Kraut, 1988; Miller and Wolfenden, 2002) .
This power underlies the ability of enzymes to carry out the processes of life. It is becoming apparent, however, that enzymes also affect the fate of cells and organisms via mechanisms that do not use their catalytic capabilities. For example, various enzymes (Mpk1Q364), the Y268C and the R68S mutations do not render it intrinsically active but also do not abolish its standard activity.
cavity that serves as the binding domain of substrates that possess a DEF motif (Robinson et al., 2002; Lee et al., 2004; Shin et al., 2010) . In addition, an intact Tyr-261 is essential for MEK1 binding (Robinson et al., 2002) .
Here we added new roles to this residue, not in binding of substrates and regulators, but in two other aspects of Erk's functions. One is an important role in catalysis per se, and the other is a critical role in suppressing the noncatalytic activity of Mpk1. The latter notion is strongly supported by the finding that mutating Tyr-268 rendered Mpk1 intrinsically active, independent of intact K54, T190, and Y192. Its role in catalytic activity was disclosed by the observation that in mammalian Erk1/2, mutating Tyr-280/261 resulted in proteins with a significantly reduced phosphotransfer capability toward MBP. An intact Tyr-280/261 was further found to be critical for the MEK-independent catalytic activity of Erk1(R84S) and Erk2(R65S) in vitro and in cell lines. It is thus critical for both MEK-independent (autophosphorylation-mediated) and MEK-dependent catalysis. We believe that the effect on MBP phosphorylation observed in these mutants is a direct effect on catalytic properties and not a result of reduced binding to the substrate, because MBP does not have a DEF motif. The equivalent mutations had a dramatic effect on Mpk1 activation as well, but it was a positive effect, as reflected by the increased autophosphorylation activity of Mpk1(Y268C) and Mpk1(Y268A) in yeast cells.
A model that can consolidate all observations, at least for Mpk1, may suggest that binding of substrates or other proteins (e.g., Mek1) to Tyr-268 imposes allosteric changes in several domains: 1) the activation loop, 2) the catalytic sites (analogous to the effect of binding of substrates to the CD domain; Zhou et al., 2006) , and 3) domains important for noncatalytic activities. Mutating Tyr-268 may partially mimic such allosteric effects.
Mpk1 and mammalian Erks are highly conserved, structurally and functionally (Herskowitz, 1995; Gustin et al., 1998; Posas et al., 1998; Widmann et al., 1999; van Drogen and Peter, 2001; LevinSalomon et al., 2009) . In particular, five of the residues that form the Erks' DEF pocket, are identical in Mpk1, and the sixth residue, Leu-232, is Val in Mpk1. Thus this domain would be expected to execute similar functions. It is therefore not clear why the equivalent mutations have opposite effects on Mpk1 and Erk1/2.
MATERIALS AND METHODS
Yeast strains and media
The Saccharomyces cerevisiae strains used in this study were mkk1Δ/mkk2Δ (BY4741; Mat a; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YPL140c::kanMX4; mkk1::LEU2; Levin-Salomon et al., 2008) , mpk1Δ (BY4741; Mat a; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YHR030c::kanMX4; obtained from the European Saccharomyces cerevisiae Archive for Functional Analysis, Frankfurt, Germany), and pbs2Δste7Δmkk1Δmkk2Δ (BY4741; Mat a; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YJL128c::kanMX4; ste7::LEU2; mkk1::HygromycinB; mkk2::HIS3; Levin-Salomon et al., 2009) . Yeast cultures were maintained on YPD (1% yeast extract, 2% Bacto Peptone, 2% glucose with or without 15 mM caffeine) or on the synthetic medium YNB(-URA) (0.17% yeast nitrogen base without amino acids and NH 4 (SO 4 ) 2 , 0.5% ammonium sulfate, 2% glucose, and 40 mg/l adenine, histidine, tryptophan, lysine, leucine, and methionine).
Cell cultures and transfection procedures
NIH3T3 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 0.044 M sodium hydrogen carbonate, streptomycin, and penicillin (Beit-Haemek, Israel). HEK293T cells were that function in signal transduction cascades have an additional activity, mainly as DNA-binding proteins involved in transcriptional regulation (Alepuz et al., 2001; Zeitlinger et al., 2003; Pokholok et al., 2006; Hu et al., 2009; Rodriguez and Crespo, 2011) . Other enzymes may function as scaffold molecules (Pbs2, Ste5, Mek, PI3K) or stabilizers of large protein complexes (Cdc25) in addition to their catalytic activities (Engelberg et al., 1990; Posas and Saito, 1997; Posas et al., 1998; Iyer et al., 2005; Taylor et al., 2013) . Noncatalytic activities have also been proposed for Mpk1 and its pseudokinase paralogue, Mlp1. These enzymes activate the transcription regulator Swi4/Swi6 (SBF; Kim et al., 2008) . Because Mlp1 does not have any phosphotransfer activity, it is clear that its effect on SBF is mediated solely via the interaction with Swi4, one of the subunits that form SBF. Similarly, Mpk1 molecules carrying the kinase-dead (K54R) mutation are also capable of activating SBF (Kim et al., 2008) . Of importance, although the catalytic activity of Mpk1 and Mlp1 is not required for SBF activation, both proteins must be phosphorylated to execute it. Mpk1 also functions as a transcriptional elongation factor via its interaction with one of the subunits of the Paf1C elongation complex (Kim and Levin, 2011) .
Here we showed that Mpk1 molecules carrying a mutation in Tyr-268 executed the entire downstream biological function, using mechanisms that do not require activation of catalysis or the catalytic Lys-54 residue. It could be therefore that the noncatalytic activities of Mpk1, such as activation of SBF, transcription elongation, and activities not yet defined, are sufficient to allow proliferation under cell wall stress. This notion readily explains why these mutants are independent of MEKs. The possibility remains that Mpk1(Y268C/ A+K54R) and Mpk1(Y268C/A+T190A+Y192F) still possess some residual catalytic activity that contributes to their biological activity. It is difficult to detect low levels of catalytic activity and unequivocally determine whether it is involved in inducing the biological phenotype. Based on the known effects of the K54R and the T190A+Y192F mutations on the protein's catalytic properties, we believe that the existence of residual catalytic properties is an unlikely explanation. Further, given the destructive effect of the mutations in Tyr-280/261 of Erk1/2, it seems inconceivable that the Y268C/A mutations would enforce on Mpk1 a catalytically active conformation in which K54, T190, and Y192 are dispensable. We believe that it is likelier that Mpk1(Y268C/A+K54R) and Mpk1(Y268C/A+T190A+Y192F) are inactive as kinases or manifest at most marginal phosphotransfer activities. It should be emphasized that although Mpk1(Y268C/ A+K54R) and Mpk1(Y268C/A+T190A+Y192F) molecules are biologically active, they rescue mpk1∆ and mkk1∆mkk2∆ cells less efficiently than Mpk1(Y268C/A). This implies that their catalytic activity does play a role in their biological effect. Thus the power of the mutants relies on a combination of catalytic and noncatalytic effects. Their noncatalytic activity suffices to allow certain growth rates on caffeine, and only when combined with the catalytic activity is the full effect of the mutations manifested.
Although eukaryotic protein kinases have been thoroughly studied, critical structure-function aspects of their activity and regulation are still not understood. In the case of the Erk molecules, these matters have been addressed comprehensively via classical biochemistry and genetic approaches, crystal structures, nuclear magnetic resonance, and hydrogen-deuterium exchange MS analysis (Zhang et al., 1994; Canagarajah et al., 1997; Robinson et al., 2002; Lee et al., 2004; Kinoshita et al., 2008; Peti and Page, 2013) . These studies pointed to the importance of Tyr-261 in Erk2. Tyr-261, together with other residues, undergoes a significant reorientation upon activation/phosphorylation of Erk2 (Canagarajah et al., 1997; Lee et al., 2004) and functions as one of the foundations of the hydrophobic Stratagene QuikChange kit (Agilent), according to manufacturer's instructions. All cDNAs were verified via DNA sequencing. Primers used for the mutagenesis are shown in Table 1 . The pET15b (Addgene) vectors containing the Erk variants were used for protein expression and purification.
For expression of Mpk1 and Erk2 variants in yeast, we used the pAES426 vector (Friedmann et al., 2006) . pAES426-HA-MPK1(Y268A), pAES46-HA-MPK1(R68S+Y268A), pAES426-HA-MPK1(T190A+Y192F), pAES426-HA-MPK1(Y268C+ D326N), pAES426-HA-MPK1(Y268C+Y238F), pAES426-HA-MPK1Q364(Y268C), and pAES426-HA-MPK1Q364(R68S) were obtained via site-directed mutagenesis using the Stratagene QuikChange kit, according to manufacturer's instructions. Primers used for the mutagenesis are shown in Table 1 . pAES426-HA-MPK1(WT) and pAES426-HA-MPK1(R68S), respectively, served as templates (Levin-Salomon et al., 2008) . pAES426-HA-MPK1(R68S+Y268C) was obtained by subcloning the gene segment carrying the Y268C mutation from pAES426-HA-MPK1(Y268C) (Levin-Salomon et al., 2008) into pAES426-HA-MPK1(R68S) (LevinSalomon et al., 2008) via restriction/ligation using the SacI and NotI restriction enzymes. pAES426-HA-MPK1(K54R+Y268C), pAES426-HA-MPK1(K54R+Y268A), pAES426-HA-MPK1(K54R+ R68S+Y268C), and pAES426-HA-MPK1(K54R+R68S+Y268A) were constructed by restriction/ligation of the K54R-mutation containing region from pAES426-HA-MPK1(K54R) (Smorodinsky-Atias et al., 2016) into pAES426-HA-MPK1(Y268C), pAES426-HA-MPK1(Y268A), pAES426-HA-MPK1(R68S+Y268C), or pAES426-HA-MPK1(R68S+Y268A), respectively, using the SalI and SacI restriction enzymes. pAES426-HA-MPK1(T190A+Y192F) was obtained via site-directed mutagenesis using the Stratagene QuikChange kit as well. pAES426-HA-MPK1(WT) served as the template. Primers used for the mutagenesis are shown in Table 1 . pAES426-HA-MPK1(T190A+Y192F+Y268C) and pAES426-HA-MPK1(T190A+Y192F+Y268A) were constructed by restriction/ ligation of the T190A+Y192F-mutation containing region from pAES426-HA-MPK1(T190A+Y192F) into pAES426-HA-MPK1(Y268C) cultured in the same medium supplemented with 10% FBS, 0.017 M sodium hydrogen carbonate, 1 mm sodium pyruvate, streptomycin, and penicillin. All cells were incubated at 37ºC and 5% CO 2 . HEK293T cells were plated 24 h before transfection at 1.5 × 10 4 cells per 3-cm plate or 8 × 10 4 cells per 10-cm plate. Medium was changed to half the volume ∼2 h before transfection. HEK293T cells were transfected with 2 μg of cDNA (pCEFL plasmids) for 24 h using the calcium phosphate method (Kingston et al., 2003) , washed with phosphate-buffered saline, and provided with fresh medium with or without 50 ng/ml EGF for 10 min. Then cells were lysed by addition of 80-μl sample buffer containing 10% glycerol, 3% SDS, 0.2 M Tris, pH 6.8, 5% β-mercaptoethanol, and phenol blue dye, followed by 10 min of boiling at 100°C. NIH3T3 cells were transfected using TransIT-X2 System (Mirus, Madison, WI) according to the manufacturer's protocol.
Foci formation assay
Approximately 1.5 × 10 4 NIH3T3 cells were plated on a 3-cm plate, transfected with the relevant plasmid, and selected for the presence of the plasmid by incubation with 1 mg/ml G-418. Four weeks after transfection, cells were fixed with 100% MeOH for 20 min, stained with 4% crystal violet dye for 5 min, and photographed.
Plasmids
Plasmids carrying the mutants ERK1(R84S), ERK1(Y280C), ERK2(R65S), ERK2(Y261C), MPK1(R68S), MPK1(Y268C), MPK1(K54R), and MPK1(K54R+R68S), as well as the short MPK1(Q364), have been described (Levin-Salomon et al., 2008; Smorodinsky-Atias et al., 2016) . New mutations were introduced as to be described. For mammalian expression systems, pCEFL vector (Invitrogen, Carlsbad, CA) containing ERK1(WT), ERK1(R84S), ERK2(WT), or ERK2(R65S) with ERK1 N-terminally tagged with the hexahistidine (6His) and ERK2 N-terminally tagged with the hemagglutinin (HA) sequence (YPYDVPDYA) served as the template for site-directed mutagenesis for the mutations ERK1(Y280A), ERK2(Y261A), ERK1(R84S+Y280C/A), and ERK2(R65S+Y261C/A) using the
Primer name
Primer sequence 100 μM ATP. The activation reactions proceeded for 30 min at 30°C and were terminated by placement on ice. The kinase assays were initialized by the addition of 45 μl of reaction mixture to 5 μl of 0.04 μg/μl activated Erk enzyme. The final reaction conditions were 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 8.0, 0.1 mM benzamidine, 10 mM MgCl 2 , 25 mM 2-glycerolphosphate, 1 mM Na 3 VO 4 , 0.1 mM dithiothreitol, 0.5 μg/μl MBP (M1891; Sigma-Aldrich, St. Louis, MO), 0.1 mM ATP, and 0.1 μCi of [γ-32 P]ATP. The kinase reactions proceeded for 15 min at 30°C and were terminated by the addition of 50 μl of 0.5 M EDTA, pH 8 (250 mM final), and placement on ice. After reaction termination, aliquots of 85 μl from each well were spotted onto 3 × 3-cm Whatman No. 3MM paper squares and briefly air-dried. Each square was rinsed four times with 10% trichloroacetic acid and 3% sodium pyrophosphate (10 ml/square) for 1.5 h (each time) and twice with 100% ethanol (4 ml/square) for 20 min each time and air-dried. The radioactivity of each square was counted using a scintillation counter running a 32 P Cherenkov program. Experimental points were triplicates. In addition, Laemmli sample buffer was added to 15 μl of each reaction. All samples were boiled at 100°C for 5 min and separated on 15% SDS-PAGE. The gel was exposed to film.
Autophosphorylation assay
One microgram of a purified recombinant 6His-tagged Erk protein was incubated in Erk activating buffer lacking MEK1. The autophosphorylation reactions proceeded for 5 and 15 min at 30°C and were terminated by placement on ice and addition of Laemmli sample buffer. All samples were boiled at 100°C for 5 min and separated on 10% SDS-PAGE. The gel was exposed to film.
Capillary LC/MS-MS analysis for identification of phosphorylation sites
One microgram of protein from each autophosphorylated Erk sample was trypsin digested and desalted on disposable reversed-phase column (C18 Micro Tip Column; Harvard Apparatus, Holliston, MA). The samples were first brought to a concentration of 8 M urea and 100 mM ammonium bicarbonate. Next 45 mM DTT was added to a final concentration of 2.6 mM, and the samples were incubated for 30 min at 60°C with mild agitation. The samples were cooled to room temperature, and 150 mM iodoacetamide was added to final concentration of 8.8 mM for 30 min at room temperature in the dark. After a fourfold dilution (to 2 M urea) with water, trypsin was added at a ratio of 1:50 (trypsin to protein), and the samples were incubated overnight at 37°C. A second dose of trypsin was given after the overnight digestion, and the samples were left to continue the proteolysis for an additional 4 h at 37°C. The samples were then acidified with 2 μl of 0.1% trifluoroacetic acid (TFA) to stop the reaction. Peptide desalting was carried out by C18 Micro Tip Columns (Harvard Apparatus). The Tips were washed with 80% acetonitrile (ACN) and 0.1% TFA (elution solution), followed by 0.1% TFA (desalting solution). The samples were loaded in 0.1% TFA on the C18 microcolumns, and the flowthrough fractions were kept. The tryptic peptides were desalted with 0.1% TFA and eluted with 80% ACN and 0.1% TFA. Next the samples were completely dried by vacuum centrifugation and resuspended in 0.1% formic acid for LC-MS/MS on an OrbitrapXL (Thermo Fisher Scientific, Waltham, MA). and pAES426-HA-MPK1(Y268A), respectively, using SalI and SacI restriction enzymes.
For expressing mammalian ERK2 in yeast, pAES426-HA-ERK2 vectors were constructed by subcloning the HA-ERK2 gene, either WT or mutant, from pCEFL-based plasmids (described here earlier; Smorodinsky-Atias et al., 2016) into pAES426 (Friedmann et al., 2006) vector via restriction/ligation using the HindIII and NotI restriction enzymes.
Spot assay of yeast cells
Yeast cultures were grown in YNB(-URA) liquid medium to mid logarithmic phase (OD 600 of 0.5). Five serial 10-fold dilutions were prepared, starting at an OD 600 of 0.4 (approximate concentrations 10 7 , 10 6 , 10 5 , 10 4 , and 10 3 cells/ml). We spotted 5 μl from each dilution at 30ºC for 6 d on YPD plates supplemented with 15 mM caffeine or plates containing YNB(-URA) medium.
Preparation of yeast cell lysates
Cell cultures (12 ml) were grown on YNB(-URA) to an OD 600 of 0.4-0.6. Cultures were pelleted and resuspended in 10 ml of 20% trichloroacetic acid. Samples were pelleted again and resuspended in 200 μl of 20% trichloroacetic acid at room temperature (25°C). We added 400 mg of glass beads and vortex-mixed each sample twice for 8 min. Supernatants were transferred to new Eppendorf tubes, and glass beads were rinsed twice with 200 μl of 5% trichloroacetic acid. After centrifugation, pellets were resuspended in 100 μl of 2× Laemmli sample buffer, followed by addition of 50 μl of 1 M Tris base. Samples were vortexed for 30 s and boiled for 3 min before centrifugation. The supernatant was used.
Western blotting
We separated 100 ng of recombinant proteins, 30 μg of protein lysates prepared from mammalian cells, or 45 μg of lysates prepared from yeast cells by SDS-PAGE and subsequently transferred them to a nitrocellulose membrane. After incubation of the membrane with the appropriate antibodies (Table 2) , specific proteins were visualized using an enhanced chemiluminescence detection reagent.
Protein expression and purification
Erk variants were expressed and purified as previously described (Levin-Salomon et al., 2008) .
Paper-spotted kinase assay
To activate the recombinant Erk variants, 1 μg of a purified recombinant 6His-tagged Erk protein and 10 ng of recombinant active MEK1 (14-429; Upstate Biotechnology, Lake Placid, NY) were used. The final reaction conditions were 100 mM NaCl, 35 mM Tris-Cl, pH 8, 15 mM MgCl 2 , 5 mM 2-glycerolphosphate, 0.2 mM Na 3 VO 4 , 0.02 mM dithiothreitol (DTT), 1 mM ethylene glycol tetraacetic acid, and 
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